Abstract. Excavation through sulfidic geologic materials during construction activities has resulted in acid rock drainage (ARD) related problems across the state of Virginia. The most extensive documented disturbance at a single location resulted from construction of the Stafford Regional Airport in Stafford, Virginia. Beginning in 1998 over 150 ha of sulfidic Coastal Plain sediments were disturbed, including steeply sloping cut surfaces and spoils. This disturbed area remained barren for over two years before being recognized as sulfidic. In addition to the development of acid sulfate soils, the generation of ARD degraded metal and concrete structures and heavily damaged a receiving stream with water quality effects noted over 1000 m downstream from the site. In December 2001 the existing surface soils were composite sampled from 32 map units across the site.
Introduction
Sulfidic deposits are found in various settings across the state of Virginia, including unconsolidated sulfide-rich sediments in formations of the Coastal Plain, certain slate and phyllite bearing formations in the Piedmont and Blue Ridge, some black shales in the Valley and Ridge, and sulfide-rich coal seams in the coalfields of southwest Virginia (Orndorff 2001) . In many of these settings, exposure of sulfidic materials during construction has resulted in localized acid rock drainage (ARD) and associated technical, environmental, and social problems. The most extensive case of acid sulfate weathering problems due to construction occurs in the Coastal Plain at the Stafford Regional Airport (SRAP) in Stafford, Virginia ( Fig. 1 ).
To our knowledge, this is the largest single exposure of acid forming materials in the eastern USA to date, other than that which occurred in the pre-1977 era of Appalachian coal mining. Acid sulfate weathering problems in the Coastal Plain primarily result from exposure of unconsolidated Tertiary marine sediments, particularly those mapped as the Chesapeake Group and Lower Tertiary deposits. These sediments occur in drab shades of green, blue and gray, and consist of fine-to coarse-grained, quartzose sand, silt, and clay that is variably shelly, diatomaceous, and glauconitic (Rader and Evans, 1993) . Unoxidized samples typically have pH values between 5.5 to 8.0, potential peroxide acidity (PPA) values between 30 to 50 Mg CaCO 3 /1000 Mg material, and total-S values between 1.0 to 2.5%. Upon weathering, pH rapidly drops to values between 2.5 to 3.5, PPA values to between 10 to 20 Mg CaCO 3 /1000 Mg material, and total-S drops to less than 1.0% (Orndorff 2001) . Problem sites typically exhibit lack of vegetation due to the very low pH of surface material and sulfate salt efflorescence on cut surfaces. Most sites exhibit acid drainage, which causes Fe staining on concrete, deterioration of concrete and metal construction materials (drainage ditches, culverts, galvanized pipes and guardrails), and adversely affects local surface water.
Between 1998 and 2001, construction activities at SRAP disturbed over 150 ha of Lower Tertiary Coastal Plain materials as the airport runway was constructed through a deeply dissected landscape. As construction proceeded, long spur ridges were excavated to depths ≥ 25 m, exposing significant volumes of grey, reduced, sulfidic sediments which were subsequently filled into intervening valley fills to support the runway. Excavated sulfidic sediments exceeded the capacity of the valley fills and were also placed into several large steeply sloping excess spoil fills along a first-order stream draining the eastern section of the site. Since the sulfidic nature of these materials was not recognized until well after final grading was completed, the acid-forming materials were not isolated away from drainage and, in fact, were scattered randomly and thoroughly throughout the site. After multiple conventional revegetation efforts failed we were first contacted for assistance in the late fall of 2001. This paper focuses on a detailed review of the nature and extent of soil and water quality impacts and their remediation at Stafford airport.
Two specific objectives include: 1) evaluation of the use of biosolids to reclaim acid sulfate soils; and 2) the resultant impact on local surface water quality.
Materials and Methods

Initial Site Inspection
This site was first visited in the late fall of 2001 at which time acid-sulfate weathering problems were readily apparent. Over 150 ha of cut and fill slopes were barren of vegetation, acid drainage was prominent, concrete lined drainage ditches and culverts were coated in iron, and significant etching and degradation of the cement components were noted (Fig. 2 -Fig.4 ).
Galvanized steel standpipes in water control structures in storm-water basins below the site had also been completely degraded by the drainage over time, releasing large volumes of sulfidic sediments into the receiving floodplain (Fig. 5) . As discussed below, acidic drainage from this site had seriously degraded surface water both on-and off-site ( Fig. 6 and Fig. 7) .
Inspection of the 10 to 15 m deep cut faces along the northern margin of the site in November 2001 revealed that the upper 5 to 8 m of the soil-geologic column was pre-oxidized by long term natural weathering processes (Fig. 8) . Soil pH values ranged in the 3's and lower 4's and this portion of the slope was well-vegetated. Below the pre-oxidized depth, soil in the weathered 2 year old cut face ranged from pH 1.8 to 3.5, with prominent white saltefflorescences. Fanning, et al. (2002) also confirmed the occurrence of active acid-sulfate soil conditions on site. 
Revegetation
In December 2001, the existing surface soils were composite sampled from 32 map units across the site in association with soil mapping requirements for remedial treatment (Fig. 9 .) These samples were analyzed for pH in a 1:1 soil:water solution using a combination electrode, potential peroxide acidity (PPA) using the H 2 O 2 method of Barnhisel and Harrison (1976) , and for total-S using an Elementar Vario Max CNS analyzer. Based on these results, we recommended that the site be variably limed to each sampling cell's requisite calcium carbonate equivalent (CCE) requirement, fertilized appropriately, treated with an organic soil amendment, and seeded to acid-and salt-tolerant grasses and legumes based upon experience with sulfidic coal waste revegetation (Daniels and Stewart, 2000) . In April 2002, class B lime-stabilized biosolids (municipal sewage sludge) from Washington D.C. were applied and incorporated across the entire site at varying rates based upon their CCE (Table 1) . Rates varied from 35 to 270 dry Mg/ha. This treatment was designed to supply the full amount of lime required for complete neutralization of the potential acidity present in the soil surface along with substantial organic matter and nutrient loadings. Following the incorporation of biosolids, the soil surface was straw mulched and hydroseeded to a mix of acid-and salt-tolerant grasses (primarily Festuca arundinacea Schreb. and Figure 10 . At each location, 4 50-ml water samples were collected in 50-ml conical-bottom plastic tubes. For surface water samples, each tube was rinsed at the sample location three times prior to sample collection.
Wells were purged and sampled (after a recharge period of approximately 60 to 90 minutes) with plastic bailers. For each location, two samples were acid-preserved immediately by the addition of 2 drops of 6N HNO 3 , and all samples were placed on ice within 30-minutes of sampling.
Dissolved oxygen (DO) and water temperature were measured in the field at the 13 surface water locations using a YSI 85 DO meter. In the laboratory, one non-acidified 50-ml sample was used to determine pH, electrical conductivity (EC), and total dissolved solids (TDS). The pH was measured using a combination electrode with an Orion PerpHecT logR Benchtop meter (model 370), and EC and TDS were measured using an Orion conductivity-TDS meter (model 124).
The other non-acidified 50-ml sample was used to determine nitrate-N, ammonia-N, and ortho-P.
This entire sample was filtered through a 0.45 filter using a benchtop suction apparatus. Nitrate-N was determined by EPA method 353.2 using a LACHAT instruments Quikchem 8000 (QuikChem method 10-107-04-1-A). Ammonia-N was determined by EPA method 351.2 using a LACHAT instruments Quikchem 8000 (QuikChem method 10-107-06-2-A). Orthophosphate was determined by EPA method 365.1 using a Hitachi spectrophotometer model 100-20. One acidified 50-ml sample was used to determine Dissolved Organic Carbon (DOC), and dissolved metals and S. This entire sample was filtered through a 0.45 filter using a benchtop suction apparatus. Levels of Al, Fe, Mn, and Sulfur were determined on a 25 ml subsample by EPA 
Results and Discussion
Revegetation
Results from both soil sampling events are provided in Table 2 largely unsuccessful due to an unusually hot and dry growing season (Fig. 11) . However, the site was reseeded in September, 2002, and was fully revegetated (≥ 90 % perennial living cover) by late October 2002 (Fig. 12) . That continued to be status of revegetation as of December,
2003. Despite our recommendations, the airport was seeded with pure grasses, as opposed to a grass/legume mix, which could result in vegetation maintenance issues due to limited N availability in future years. A few highly acidic outcrop and seep areas on steep cut and fill slopes remained barren. These sites will demand intensive spot-liming and mulch treatments over time.
Surface soil sampling a year after remediation (fall 2003) revealed pH values ranging from 6.10 to 7.77, with an average of 7.26. However, in many areas partially oxidized sulfidic material directly underlies the incorporated zone. Subsoil sampling in these cells revealed pH values ranging from 2.71 to 4.56 with an average of 3.49. While a productive topsoil zone has been established, which appears stable after 18 months, continued maintenance will be essential.
A decline in vegetation could allow erosion to expose the partially oxidized subsoil and acid sulfate weathering problems will persist. Careful monitoring over the next few years will allow for evaluation of the stability of the soils, providing lime recommendations that will ensure longterm success of the site. (Fig. 13) . Following biosolids applications, dissolved Fe in water discharging from the airport decreased and past January 2003 remained below 10 mg/L, and below 2 mg/L at the NRCS dam. Sulfur levels remained elevated presumably due to the long-term release of sulfate accumulated from the pyrite weathering Table 3 . Subset of water quality data from Stafford Regional Airport. We assume that the ammonia-N levels in these waters were high due to a combination of unique factors at this site. First, and perhaps most importantly, is the very acidic initial nature of the soils and waters involved, which can lead to a net positive charge on the soil exchange complex. This charge which would repel the ammonium ion ( CFU's/100 ml of E. coli in freshwater as a single sample maximum.
Conclusions
Stafford Airport provides an extreme example of the widespread soil and surface water acidification, and associated damage, which may result from the exposure of sulfidic materials.
Disturbance of over 150 ha of sulfide-bearing Tertiary sediments in the Coastal Plain produced highly acidic soils and run-off waters. Barren slopes that could not be reclaimed by conventional methods were subject to erosion, not only causing sediment loss but also exposing fresh sulfidic materials to weathering and hence establishing a self-perpetuating degradation system. Three years of untreated acid drainage from this site had completely degraded various engineered water control structures, and lowered the pH of the main stem of a second-order stream draining a much larger watershed to pH < 3.5. Remediation efforts involving bulk-blending of alkaline materials into cut surfaces and disposal fills have proven successful. In this case, the application of relatively high rates of lime-stabilized biosolids to the acidified soils on-site successfully buffered run-off waters into an acceptable pH range and drastically reduced dissolved metalloadings. Although N-losses to surface water are a likely secondary effect of the use of heavy loading rates, these losses declined rapidly within 8 months following application of the biosolids. Eighteen months after remediation efforts began, over 90% of the land at the airport was still successfully vegetated. Continued research at this site will be necessary to evaluate the long-term efficacy of this treatment.
